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We investigate gate-defined quantum dots in silicon on insulator nanowire field-effect transistors
fabricated using a complementary metal-oxide-semiconductor (CMOS) compatible process. A series
of split gates wrapped over the silicon nanowire naturally produces a 2×n bilinear array of quantum
dots along a single nano-wire. We begin by studying the capacitive coupling of quantum dots within
such a 2×2 array, and then show how such couplings can be extended across two parallel silicon
nanowires coupled together by shared, electrically isolated, ‘floating’ electrodes. With one quan-
tum dot operating as a single-electron-box sensor, the floating gate serves to enhance the charge
sensitivity range, enabling it to detect charge state transitions in a separate silicon nanowire. By
comparing measurements from multiple devices we illustrate the impact of the floating gate by quan-
tifying both the charge sensitivity decay as a function of dot-sensor separation, and configuration
within the dual-nanowire structure.
Spin qubits in silicon demonstrate the fundamen-
tal properties required for scaled quantum computa-
tion, with state-of-the-art one- and two-qubit opera-
tions demonstrating control fidelities approaching the
requirements for fault-tolerant quantum error correc-
tion [1–4]. While all control elements have been inte-
grated into single devices with scalable readout mech-
anisms [5], much effort is now being focused into de-
veloping these devices from simple laboratory prototype
structures into scaled arrays of qubits capable of eventu-
ally yielding a quantum advantage [6, 7]. The promise
of a highly developed materials system and mature fab-
rication industry, together with the success of labora-
tory, and industry-grade prototype silicon-metal-oxide-
semiconductor (SiMOS) quantum-dot based devices [8]
has led to the proposition of several approaches to
foundry-compatible scaling into grid-based architectures
of quantum dot arrays. These approaches range from
densely-packed qubits with next-nearest-neighbour cou-
plings [9], dot arrays partially-populated with qubits [10]
and arrays with qubit sites linked via mediating struc-
tures for remote qubit-qubit coupling [11].
SiMOS devices which form quantum dots in the corners
of silicon nanowires naturally produce bilinear dot ar-
rays [12], which allow for proximal sensor integration for
both charge [13–16] and spin states [17] through disper-
sive measurements using gate-based reflectometry. The
advantages of these integrated sensors can be extended
by mechanisms for off-wire coupling, to sense the state
of dots located in remote locations within the quantum
dot array. In order to enhance the capacitive coupling be-
tween spatially separated quantum dots, studies in planar
GaAs/AlGaAs heterostructures have exploited a floating
gate [18]; a metallic electrode which is galvanically iso-
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lated from, but capacitively coupled to, its immediate
environment.
Here, utilising a single quantum dot sensor, we demon-
strate a system capable of performing both proximal
and remote capacitive charge sensing within a 2 × 4
array of quantum dots distributed across two parallel
nanowires. We compare these results with geometri-
cally identical single-wire variants, serving as an isolated
2 × 2 array. Each 2×2 array is formed on a single sil-
icon nanowire (SiNW), and all devices described here
are located in the same die, fabricated from a CMOS-
compatible fully-depleted silicon-on-insulator (FD-SOI)
process [19]. Our approach uses floating gate electrodes
to capacitively couple a sensor dot to quantum dots on
remote nanowires, whilst maintaining sensitivity to ad-
jacent dots within the local nanowire. We quantify the
sensitivity to charge movement within these two schemes
by experimentally benchmarking the device capacitance
matrix, supported by cryo-SiMOS simulations.
I. DEVICE AND REFLECTOMETRY
The scanning electron micrograph (SEM) image in
Fig. 1(a) shows a device of the type used in these re-
mote sensing experiments. Two parallel nanowires, with
centre-to-centre spacing of 200 nm, are fabricated with
two central floating gates GF1 and GF2 wrapping the in-
terior edges of both, spanning the gap between the two
silicon structures. GF1 and GF2 are capacitively coupled
to the surrounding gates by proximity, but are otherwise
electrically isolated. All gate structures are separated by
a SiN spacer which increases cross capacitance. The de-
vice is further encapsulated by 300 nm of silicon oxide,
above which an additional top gate GT is deposited util-
ising a back-end metallisation layer (not shown). Full
geometric details for the family of devices compared in
this work can be found in Supplementary §I. The charge
ar
X
iv
:2
00
5.
14
71
2v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
29
 M
ay
 20
20
210 kΩ
100 pF
L Cp
DC
RF
L1
LS
LD RD
RS
R1
R2L2
F1
F2
Cc = 0.05pF
ILSD (pA) ΔΦ/Φ
(a) (b)
(d)(c)
L1 LS
LD RD
RS R1
R2L2
F1
F2
200 nm
G
at
e 
L2
 (V
)
1.5
1.4
1.3
1.2
1.1
1.0
Gate L1 (V)
0.6 0.7 0.8 0.9
10
100
G
at
e 
L2
 (V
)
1.5
1.4
1.3
1.2
1.1
1.0
Gate L1 (V)
0.6 0.7 0.8 0.9
0
0.5
‘left’
Si NW
metallic
gates
source
drain
‘right’
Si NW
FIG. 1. Device, measurement and configuration. (a) Oblique angle Scanning Electron Micrograph illustrating the gate structure
of the double-nanowire device coupled by two floating gates. (b) Cartoon of the gate structure and reflectometry circuit diagram.
Charge transitions in a variety of quantum dots are detected by the ‘single electron box’ sensor under L1, including those in dots
within the same (left, L) nanowire, or located remotely in an adjacent (right, R) nanowire, and detected capacitively through
coupling facilitated by the floating gate. (c) Double-dot signatures within the left nanowire through a transport current map
of GL1 vs GL2 gate-space with a Source-Drain bias 4 mV. (d) A concurrent zero-biased reflectometry measurement illustrates
dot-lead charge transitions of the DL1 sensor dot and capacitive shifts due to addition of electrons to a local quantum dot
defined under DL2.
sensor for these experiments consists of a two-terminal
structure in which a charge island is connected to sin-
gle reservoir, known as a single electron box (SEB) [13–
17]. The sensor is configured under a single gate, GL1,
utilising the dot DL1, which is coupled to an electron
reservoir and measured using the reflectometry circuit
depicted in Fig. 1(b). With this configuration, the ad-
dition of electrons to the dots within the left nanowire
can be inferred from either the transport current ISD,L
through the device with source-drain bias VSD = 4 mV,
seen in Fig. 1(c), or the S11 reflectometry signal δΦ/Φ
(measured at VSD = 0 V) seen in Fig. 1(d), which maps
the same gate voltage space. Both measurements contain
structure attributed to multiple dots within the 2×2 ar-
ray of the left nanowire. Due to the low transport current
through the device, discerning the occupancy of the dots
via transport is a significant challenge, while the capaci-
tive shifts due to the addition of an electron are readily
detected in reflectometry, which can probe all proximal
quantum dots down to the last electron transition (Sup-
plementary §I). The SEB dot-lead transitions at lower
SEB electron numbers are less visible due to the reduc-
tion in tunneling rates below the RF frequency of the
reflectometry measurement [20].
II. REMOTE SENSING
As the floating gates are galvanically isolated, we
use the top metal gate GT to assist in the accumula-
tion of quantum dots under floating gates, primarily via
GF1,2−GT mutual capacitance (see §III below and Sup-
plementary §V for more detailed discussion). Simultane-
ously, both VL2 and VR2 are set to a depletion mode to
avoid formation of quantum dots under GL2, GR2 and
GF2, to effectively ‘shut-off’ the lower half of the device
by electron depletion. With the voltage sweep of VL2
and VR2 shown in Fig. 2(a), and noting the influence of
the floating gate GF1 which is capacitively coupled to
both active gates, we can load electrons into dots DL1,
DR1, as well as DFL1 and DFR1, from their neighbour-
ing reservoirs. Charge detection of these four distinct
quantum dots is shown in the stability diagram measured
in the reflectometry phase signal Fig. 2(a), and includes
the remote sensing of dots DFR1 and DR1, located in the
‘right’ SiNW, detected by the sensor dot DL1, located in
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FIG. 2. Remote sensing of quantum dot charge transitions in different silicon nanowires using the floating gate. (a) Charge
stability map in the GL1, GL2 gate-space (top gate potential VT = 4V; VL2 and VR2 = −1V). (b) Zoom-in of (a) illustrating
the different capacitive shifts of the sensor dot-lead transition due to loading electrons into different quantum dots along the
floating gate direction. (c) Schematic of the remote sensing showing quantum dots as a network of charge nodes and capacitors.
Dot-lead transition in stability diagram are indicated by dashed line with corresponding quantum dot color. (d) Histogram of
capacitive shifts, induced on the sensor dot by a charge transition in another quantum dot, following the colour-coding in (c),
normalized as a DL1 Coulomb peak shift ∆V . The coloured solid-line is the normalized fit to a Gaussian probability density
function, inclusive of signal detection error. (F) show calculated values from a COMSOL finite element simulation. Grey
curves and histogram represent capacitive shifts from transitions in DR1 measured using DFL1. All data described above are
from device ‘FL22’ — a normalized fit of the ∆V ′ histogram from a similar device ‘FL25’ is shown vertically offset above.
the ‘left’ SiNW. The sensor dot DL1 is estimated to hold
≈10 electrons in this voltage range, where dot-reservoir
charge transitions can be observed directly as a phase
peak. We can then identify the remaining three different
quantum dots capacitively coupled to the sensor through
two complementary approaches:
(1) Through the ratio of cross capacitance between the
two active gate voltages VL1 and VR1 and the dot.
(2) Through direct charge detection by the sensor dot,
assessing the magnitude of the capacitive shift upon
the sensor.
For the voltage map between VL2 and VR2 shown in
Fig. 2(a), each of the four dots capacitively couple to
the GL1 and GR1 electrodes with differing strength, and
we illustrate the four quantum dots present with refer-
ence to the colour code shown in the capacitance connec-
tivity diagram of Fig. 2(c). In Figs. 2(a) and 2(b), the
blue dashed line indicates dot-lead charge transition of
the SEB, DL1, which naturally has the highest lever arm
to VL1. The other three coloured dashed lines highlight
each remaining variety of dot-lead charge transition. The
floating-gate-defined quantum dot in the left SiNW DFL1
(green) is more strongly coupled to the sensor gate GL1
due to its proximity, while in the SiNW on the right,
the other floating-gate-defined quantum dot DFR1(red)
and gate-defined quantum dot DR1 (yellow) are more
strongly coupled to GR1. When quantum dot DFL1 is
sufficiently occupied, the increase in tunnel rates allows
for DFL1 dot-lead transitions to also be directly detected
in the reflectometry phase shift signal. This signal al-
lows us to trace back the number of electrons in sensor
dot DL1 (see Supplementary §I). This approach can be
4further quantified by comparing the cross-capacitance ra-
tios α(i,j) calculated as the degree to whichGL1 influences
the other dot-lead transitions in voltage space. Assum-
ing α(L1,L1) = 1, this method yields α(FL1,L1) = 0.173,
α(FR1,L1) = 0.124, α(R1,L1) = 0.005. A significant drop
in the cross-capacitance ratio is therefore apparent for
groups of dots under spatially separated gates.
A second quantitative approach to distinguish the dif-
ferent quantum dots coupled to the sensor is to analyse
the strength of the capacitive coupling between the sensor
dot DL1 and each of the remaining dots. In Fig. 2(d) we
plot a histogram of the shifts ∆V(L1,i), expressed in terms
of the gate GL1 voltage, arising from the capacitive shift
in the sensor dot DL1 due to the addition of an electron
to some other dot i [21]. We use a peak-finding algorithm
near a capacitive shift of interest in Fig. 2(b) and take
the difference between the shifted dot-lead reflectometry
peaks, extrapolated to the same value of VR1. The ca-
pacitive shifts extracted in this way group naturally into
three distinct sets, each corresponding to the transitions
in another quantum dot indicated following the colour
code in Fig. 2c). Being located in the same nanowire,
DFL1 (green) is the most strongly coupled to the sen-
sor dot, while the other floating-gate-defined quantum
dot DFR1(red), located in the remote nanowire, shows a
slightly weaker coupling. The R1 gate-defined quantum
dot DR1(yellow) in the remote nanowire shows the weak-
est coupling, but can still be detected. A normalized fit of
the probability density function of each group provides
the mean capacitive shift referenced against the sensor
dot gate voltage: ∆V (L1,FL1) = 5.47 mV, ∆V (L1,FR1)
= 2.16mV, ∆V (L1,R1) = 0.243 mV. These values show
good agreement to simulations of the capacitance ma-
trix for this device structure (see §III below and Sup-
plementary §III). As certain charge transitions DFL1 are
directly visible in the phase response, we can also extract
a corresponding capacitive shift between dots DFL1 and
DR1, which is the symmetric analogue to the sensor dot
coupling through the floating gate to DFR2. Data cor-
responding to such ∆V(L1,FR1) shifts are shown in grey
in Fig. 2d), and indeed fall within a similar range to
∆V(L1,FR1). Finally, to show the consistency of these val-
ues across different devices of the fabricated on the same
die, we performed the same set of measurements on a sec-
ond device and plot the extracted Gaussian fits to ∆V(i,j)
for each pair of dots on the same axis in Fig. 2(d).
III. CAPACITIVE COUPLING AND
SIMULATION
To demonstrate the enhancement of capacitive cou-
pling arising from the floating gates, we compare results
from floating gate devices with those from devices with
similar dimensions containing only single, isolated silicon
nanowires (see Supplementary §I). In order to facilitate
the comparison of results from different devices, sensor
dots and lever arms, we adopt a measure of the SEB
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FIG. 3. Normalized capacitive coupling as a function of dis-
tance. Voltage shifts in the sensor dot arising from capaci-
tive coupling to other quantum dots are normalized against
the addition voltage of the individual SEB to compare mea-
surements from two floating gate devices and three single-
nanowire devices (N, Lg = 60 nm;  , Lg = 50 nm). COM-
SOL simulations are used to obtain parameter sweeps relating
to each class of dot being sensed, following the colouring in
the inset — a single normalisation is applied to all simulated
curves. Error bars in the data include the uncertainties in
both the capacitive voltage shifts and addition voltages.
sensitivity to the charge transitions in nearby quantum
dots based on normalizing the voltage-referenced capaci-
tive coupling by the addition voltage required to add an
electron to the SEB: ∆q = ∆V(L1,i)/VCL1 , where ∆V(L1,i)
is the detected voltage shift in VL1 arising from coupling
to dot i, VCL1 is the change in VL1 required to add an
electron to the sensor.
We first study the normalized SEB charge sensitivity
within a 2×2 quantum dot array located in a single silicon
nanowire. Here we can compare the capacitive coupling
between dots formed on opposite edges of the nanowire,
between adjacent dots formed along a common SiNW
edge, and also between diagonally coupled, next-nearest
neighbour quantum dots. These configurations are shown
in the inset of Fig. 3, which also illustrates configurations
for sensing dots in a neighbouring SiNW, with coupling
facilitated through the floating gate. The data in Fig. 3
compare three single-nanowire devices, each consisting
a 2×2 quantum dot array, as well as the corresponding
single-wire arrays within two floating-gate devices. The
intra-wire normalised sensitivities ∆q fall off quickly with
increasing separation between the quantum dots, though
a single power law cannot be used to describe the overall
trend with distance for all couplings, due to the difference
in mutual capacitance for dots located on the same or
opposite edges of the nanowire.
A simulated value for the capacitance matrix was ob-
tained by modelling the device structure using the COM-
SOL package, both for the 2×2 single-nanowire quantum
dot arrays and for the 2×4 quantum dot array across
two nanowires (see Supplementary §I–V). The Maxwell
capacitance matrix is used to compute expected values of
∆q for the sensor dot DL1 [21] to enable direct compar-
5ison with the measured values. Supplementary §VI pro-
vides an additional discussion on the effect of the floating
electrode in such simulations. The quantum dots were
modelled as conducting ellipsoids closely matching the
asymmetric manifolds defined by a Schrodinger-Poisson
study of the single electron effective mass approxima-
tion under the device geometry, with the dependence
of the mutual capacitance as a function of separation
for each sensor-dot configuration given by the center-to-
center distance, d, between the overlap regions of the
nanowire(s) and gate electrodes. The Maxwell capaci-
tance matrix was calculated at each point of a parametric
sweep across geometrical variations of d, for changes in
the nanowire design parameters of width W , lateral adja-
cent dots spacing Sv and nanowire-to-nanowire distance
D (see inset of Fig. 3). The dot size, position relative to
the gate, and the gate overlap over the silicon nanowire
(15 nm) were fixed for each of these studies.
Each of the parametric sweeps from the simulations
(dashed lines in Fig. 3) settles to a power law attributed
to each sensor-dot configuration: for example, nearest-
neighbour couplings along the edge of the nanowire
(DL1 −DL2) or across the nanowire (DL1 −DFL1) have
couplings which decay approximately as ∆q ∝ d−2.8
or d−2.6 respectively, over the range of distances stud-
ied here. The next-nearest neighbour configuration,
DL1 − DFL2, where the dots are positioned diagonally
across the wire, lies somewhere between these two trends
in d. Further discussion on the relationship between the
single nanowire design parameters (e.g. gate spacings Sv,
Sh and nanowire width) can be found in Supplemen-
tary §I and §VI. For the ‘remote sensing’ configuration
where charge transitions are detected through the float-
ing gate, the normalized capacitive coupling is sustained
over a much greater distance, as reflected in the exper-
imental data and simulations. By sweeping the floating
gate length (approximated to equal the SiNW separation,
D) simulations show that the two dots under each corner
of the floating gate have a coupling which is dominated
by the second-order capacitive coupling via the floating
gate at these distances, and decays only as ∝ D−0.4 (see
Supplementary §VI). Combined with the additional spac-
ing of the nanowire width local to the SEB, this results
in an coupling decay for the DL1 − DFR1 configuration
which can be approximated as ∆q ∝ d−0.6 in the range
studied here. As a result, the mutual capacitive shift for
DL1 − DFR1 remains relatively high, even at distances
exceeding 300 nm, as shown in Fig. 3.
Coupling the sensor to DR1 now involves three degrees
of separation from the sensor, with a corresponding drop
in sensitivity for short separations. However, the action
of the floating gate leads to a much more gradual decay in
sensitivity with distance that goes as ∆q ∝ d−0.9 in our
simulations. As a result, for distances above d ≈ 220 nm,
the floating gate mediated coupling between dots ar-
ranged on opposite edges of different nanowires exceeds
that from two dots on opposite edges of the same sili-
con nanowire (see Supplementary §VI). Furthermore, the
charge distribution due to floating gate geometry could
be optimised to yield a stronger absolute coupling, while
maintaining the much more gradual decay with distance
[22].
IV. DISCUSSION
Our experimental measurements and simulations indi-
cate decays in capacitive coupling strength which fall off
more slowly than ∝ d−3, as previously observed within
arrays of Si/SiGe planar quantum dots [23, 24]. How-
ever, such measurements were made within planar quan-
tum dot devices with a high density of metallic gate elec-
trodes, expected to screen mutual capacitive coupling.
Indeed, considering only the first-order approximations
to capacitive couplings, our simulations also show decays
that approach d−3 ( Supplementary §VI). In contrast,
the devices studied here contained a relatively low den-
sity of metallic gate electrodes, and the fabrication of the
split-gates involved etching of metal that was replaced by
SiN. The result is a reduced decay rate in sensitivity as
a function of dot-dot separation — most strikingly when
facilitated by the capacitively coupled floating gate. In-
stead of screening charge movement, the floating gate
propagates the effect of charge movement over a distance
to be chosen as a design parameter, coupling charge be-
tween two otherwise separate silicon structures. While
the simulations are able to capture well the trends in the
different classes of coupling, the residual spread in exper-
imental values across the measurements may be due to
the asymmetry in realistic devices, not captured by the
simulations, which can influence not only the dot to dot
geometrical distance but also the device lever arms.
In these experiments, a global top-gate electrode was
used together with gates of neighbouring dots in order to
induce dots under the floating gate, which enabled the
characterisation of the enhancement in capacitive cou-
pling due to the floating gate. In future devices, by
adopting an overlapping gate architecture [3] in these sil-
icon nanowires, a second layer of gate electrodes could
be used additionally tune the quantum dots confined un-
der the floating gates independently, to further utilise the
enhanced capacitive coupling to achieve remote interac-
tions.
The capacitive shifts we measured between QDs, both
locally and on distinct nanowires, are well above the full-
width at half-maximum (FWHM) of the SEB dot-lead
charge transition (see Supplementary §II). Assuming a
Lorentzian lineshape for the measured SEB charge tran-
sition, any capacitive shift greater than twice the FWHM
gives at least 94% of the maximum sensor contrast (e.g.
for spin-dependent tunneling readout). Based on our
simulations and the intrinsic FWHM of the sensor tran-
sition of 0.24 mV, DL1 −DFR1 type couplings mediated
by the floating gate could be used to achieve spin read-
out for distances up to 500 nm without a reduction in
readout contrast.
6In addition to applications for sensing, capacitive cou-
pling have been used to realise local multi-qubit in-
teractions in a variety of systems, including singlet-
triplet qubits [25] and charge qubits [26, 27]. Mean-
while, several approaches to scaling quantum dot ar-
rays pursue long-range coupling between qubits to fa-
cilitate the integration and fan-out of control electronics
and suppress charge leakage [6, 11]— solutions to real-
ising such two-qubit gates include exploiting a RKKY
mediating exchange interaction [11, 28] or coupling via
a superconducting resonator [29]. Multi-qubit opera-
tions utilising capacitive coupling via floating gates, cou-
pling two singly-occupied planar dot structures, have
been proposed to produce a spin-spin coupling Hamilto-
nian HS−S ' J12(σ1xσ2x +σ1yσ2y) when the Zeeman energy
EZ  J12 and where σx,y,z are the Pauli matrices in the
relevant qubit basis [22], which can be used to implement
the iSWAP operation [30]. Combining the assumptions
within Ref [22] with the parameters of the devices studied
here and spin-orbit coupling strength for silicon [31], we
estimate a coupling of HS−S ' 103 Hz under realistic de-
vice operating conditions, which is too weak for practical
applications. However, utilising the floating gate to cou-
ple two singlet-triplet qubits via HST−ST ' J12/2((σz −
I)⊗(σz−I)) [25], where I is the identity matrix, exploits
the much stronger electric-dipole coupling to achieve the
CZ operation, which, for the nanowire geometry pre-
sented here is estimated to be HST−ST ' 1012 Hz via
the model in Ref. [22]. In SiGe devices, coupling be-
tween charge qubits HC−C ' g/4((I − σz) ⊗ (I − σz))
mediated by the mutual capacitance term [26, 27] has
been demonstrated with a strength of ≈15 GHz over dot
separations of 130 nm [27], while for the devices geome-
try studied here our results predict HC−C ' 1011 Hz for
dots separated by 200 nm on different nanowires.
CONCLUSION
We have demonstrated through both experiments
and simulation the effect of integrating floating gate
electrodes as a scalable mechanism for extending the
sensitivity range of a single capacitive sensor, highlight-
ing in particular the potential to couple quantum dots
located on distinct silicon nanowires. Our measurements
made the use of a single electron box charge sensor, while
we note that a parallel study on similar devices illus-
trates an alternative mode for charge detection in such
structures, with one nanowire acting as a single electron
transistor that remotely senses the charge occupancy of
dots on the other nanowire [32]. Given the substantial
promise of spin qubits formed along quasi-1D arrays,
along the edges of silicon nanowires [17], the enhanced
capacitive couplings we measure using floating gates
provide a potential route to couple qubits distributed
across separate nanowires and thus for scaling in a
second dimension.
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I. ADDITIONAL DEVICE DATA
The results from five devices are compiled to produce the data illustrated in Fig. 3 in
the main text. Each device is configured with the same reflectometry measurement setup
as illustrated in Fig. 1(b). The core dimensions associated with the devices are depicted
in Fig. S1a), where devices with floating gates are identical replications of the same 2×2
bilinear array, with separation distance of D = 200 nm−W as measured edge-to-edge
from the nanowires, where W is the total nanowire width.
FIG. S1: (a) Single nanowire with relevant dimensions indicated. (b) Tabulated
dimensions for the different device used in this work
The core dimensions of the five different devices used to compile the data in the main
text are tabulated in Fig. S1b). Devices which couple nanowires via floating gates are
identified by the ‘FL’ key, while the remaining devices are simple 2×2 arrays formed in
a single nanowire.
Example measurements from a 2×2 array under an single nanowire are illustrated in
the stability diagrams in Fig. S2, showing double-dot behavior for pairwise combinations
of the four voltage control inputs, demonstrating controlability over the four dot loca-
tions. The stability diagrams are achieved by sweeping the relevant control inputs, while
holding the remaining voltages low enough to deplete the remaining dots of electrons.
Fig. S2 shows, from left to right, loading the first six electrons to dots DL2, DR1 and
DR2 in the ‘2S13-2’ device, with dimensions listed in Fig. S1b). The capacitive shift of
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FIG. S2: Example charge stability diagram (Device ID 2S13-2), showing all three
dot-sensor contributions in the 2× 2 array, individually operated in a double-dot regime
the sensor dot DL1 probes charge transitions in the other three quantum dots. An even
stronger capacitive shift due to an intentional ion-implanted donor appears in some of
the stability diagrams.
3
II. SENSOR POWER BROADENING
(a) (b)
FIG. S3: (a) sensor dot-lead signal linewidth full width half maximum (FWHM) as a
function of power delivered at device. (b) signal to noise ratio as a function of power
delivered at device with integration time 0.4 ms.
We measure the RF-power dependence of different sensor dot-lead Coulomb peaks.
We vary the input carrier power Pc at resonance frequency to observe the broadening
of sensor linewidth FWHM and its impact on the signal-to-noise ratio (SNR). SNR is
defined here as S2/σ2bg where S is the magnitude of the reflectometry Coulomb peak and
σbg is the standard deviation of the background noise. The large values of SNR recorded
are a result of long integration times (0.4 ms).
As shown in Fig. S3, all four dot-lead linewidths reach intrinsic limits (due to dot-lead
tunnel rates and near neighbour reservoir electron temperature) for Pc < −90 dBm.
The selected dot-lead transition of ‘FL25’ and ‘2S12-2’ experience much higher tunnel
rates which in term lead to lower SNR. When Pc > −90 dBm, the dot-lead linewidths
are dominated by the effects of the RF drive used the reflectometry measurement, with
a corresponding degradation in SNR.
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III. CRYO-MOS SIMULATION DETAILS
The nanowire devices were modelled using the geometrical information given from the
fabrication dies. The electrostatics, semiconductor and Schro¨dinger-Poisson modules
were used within COMSOL to estimate the quantum dot size, electrostatics, capacitance
matrices and lever arms presented and used throughout this work.
·200
-50 0 so 
nm 
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40 
20 nm 
0 
0 100 200 
nm 
a) b)  
nm 
FIG. S4: (a) Single nanowire 2× 2 array and (b) two parallel nanowires with floating
gates, producing a 2× 4 array of dots
Figure S4 illustrates a single- and double-nanowire device of identical dimensions con-
structed in COMSOL. The top gate metallic electrode GT is not shown. The back-gate,
source and drain are held constant for all experiments, and are presumed to only add
small indirect coupling within the elements of the device and are accordingly not mod-
elled.
To estimate the dot size, a Schro¨dinger and Poisson study is undertaken by trans-
forming the interface above the silicon into a boundary condition characterised by the
material properties including oxide thickness and material work functions. The gate in-
puts were taken from experimental data, with the dot size resulting from the outputted
probability density (ρ(x, y, z) = |ψ(x, y, z)|2), based on the calculate conduction band
from the device simulated a T = 2 K, with the assumption that the electrons are fully
confined inside the silicon nanowire. The quantum dot was then modelled as a perfect
conductor (r = 1) within the device for use in the electrostatic simulation.
The collected dots and gates were then swept within an electrostatic study to find the
5
full range of capacitance measurements needed to find the Maxwell capacitance matrix,
for a model of the silicon nanowire device. The lever arms for each terminal could then
be measured using α(i,j) = −C(i,j)/C(j,j), with C(j,j) and C(i,j) being the self and mutual
capacitance respectively.
Each parameter sweep described in the main text was generated as a symmetric device
about the centre of the floating gate. For the case of sweeping a variable such as Sv,
Sh, or the nanowire to nanowire separation D, with the dot size and position fixed in
relation to the area of gate overlap on the silicon nanowire, ensuring that the dot position
matches the change in position of the gate as a parameter is swept.
As the dots defined under the floating gates have stronger dependence on other voltage
input parameters, such as VT (see Supplementary §V for full discussion) it is possible that
the dots under the floating gate have a different distribution of the electron wavefunction
than dots induced under a gate connected directly to an input control voltage. To capture
the effect of this within our simulations, the size of the two dots underneath the floating
gates are scaled together until the simulations reproduce the ratios observed of the data
in Fig. 2(d).
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IV. SINGLE-NANOWIRE 2×2 ARRAY CAPACITANCE AND LEVER ARM
MATRIX
From the simulations of the device shown in Fig. S4(a), the capacitance matrix is
extracted and tabulated in Table S1.
GL1 GL2 GR1 GR2 DL1 DL2 DR1 DR2 GT
GL1 41.1910 -9.3116 -8.7972 -1.7283 -5.4594 -0.1128 -0.3601 -0.0669 -6.1901
GL2 -9.3120 41.1950 -1.7229 -8.8103 -0.1131 -5.4553 -0.0672 -0.3580 -6.1917
GR1 -8.7971 -1.7230 41.2100 -9.3153 -0.3583 -0.0669 -5.4671 -0.1125 -6.1939
GR2 -1.7281 -8.8106 -9.3152 41.2250 -0.0671 -0.3593 -0.1133 -5.4434 -6.2043
DL1 -5.4595 -0.1130 -0.3583 -0.0671 6.4359 -0.0073 -0.0630 -0.0056 -0.0638
DL2 -0.1128 -5.4553 -0.0669 -0.3593 -0.0073 6.4328 -0.0056 -0.0628 -0.0640
DR1 -0.3600 -0.0672 -5.4671 -0.1133 -0.0630 -0.0056 6.4471 -0.0073 -0.0640
DR2 -0.0669 -0.3580 -0.1126 -5.4435 -0.0056 -0.0628 -0.0073 6.4182 -0.0638
GT -6.1904 -6.1917 -6.1945 -6.2038 -0.0638 -0.0639 -0.0641 -0.0638 95.4910
TABLE S1: Maxwell capacitance matrix (in aF) for the single-nanowire 2× 2 array of
quantum dots.
The lever arm matrix which transforms voltage space from our vector of voltage control
inputs V , to the vector of chemical potential on each dot µ takes the form µ = αV ,
where elements of α are α(i,j) = −C(i,j)/C(j,j), and can be drawn from the values in
Table S1:

µL1
µL2
µR1
µR2
 = 10−2

13.2524 0.2743 0.8738 0.1624
0.2743 13.2524 0.1631 0.8689
0.8689 0.1624 13.2767 0.2743
0.1629 0.8714 0.2743 13.2039


VL1
VL2
VR1
VR2
 (S1)
Based on the diagonal elements in the above matrix, these simulated values for the
lever arm are approximately 2/3 of those extracted from experimental data. From here,
we can transform into a virtual gate space following the methods in Ref. [1], where a
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change in the virtual voltage ∆V˜ is mapped to change in the physical input voltages
∆V by means of the matrix B, such that ∆V = B ·∆V˜ . From the above capacitance
matrix we find the following values for Bsim.2x2 , compared to the experimentally derived
values Bexp.2x2
Bsim.2x2 =

1.0048 −0.0194 −0.0657 −0.0097
−0.0194 1.0048 −0.0097 −0.0657
−0.0654 −0.0097 1.0048 −0.0194
−0.0097 −0.0656 −0.0193 1.0048
 , Bexp.2x2 =

1.241 −0.0745 −0.943 0.207
−0.265 1.1165 0.212 −0.630
−0.302 −0.1234 1.418 −0.396
0.090 −0.1340 −0.605 1.273

(S2)
where the effect of the aforementioned underestimate of the simulations compared to
experiments remains visible. As proof of principle for this method, we utilise the trans-
formation matrix Bexp.2x2 in order to produce the anti-crossing seen in Fig. S5.
FIG. S5: Dot anticrossing produced in virtual gate space.
Here dashed lines are added as a guide to the eye for the second dot-reservoir transi-
tion (blue) and inter-dot charge transitions (red), both which have tunnel rates outside
the bandwidth of our reflectometry sensor. The virtual gate space allows us to easily
depopulate the remaining two dots of any carriers, as is the case for this data. The
diagonal background in this experiment is interference from a parallel-running setup on
the same dilution refrigerator, with the abrupt disappearance of this periodic signal an
indication of that experiment completing.
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V. DUAL-NANOWIRE 2×4 ARRAY CAPACITANCE AND LEVER ARM
MATRIX
The study outlined above in §IV can be extended to include the floating gate device
illustrated in Fig. 1 of the main text, as shown in Fig. S4(b). Here it is important to
note that the overlying metallic gate electrode, GT, can have a strong tuning effect upon
the floating gates. As such, we expand the analysis to include to the top gate, and the
capacitance matrix between all elements of the 2×4 array of quantum dots is illustrated
in Table S2.
From this capacitance matrix, we can write the lever-arm matrix as a function of the
metallic electrodes in Eq. S3.

µL1
µL2
µFL1
µFL2
µFR1
µFR2
µR1
µR2

= 10−2

13.2767 0.2743 0.6487 0.1175 0.0243 0.0125 0.0550
0.2743 13.2524 0.1175 0.6487 0.0125 0.0243 0.0550
0.5194 0.0956 5.5294 0.1139 0.0222 0.0108 0.0286
0.0961 0.5218 0.1148 5.5798 0.0108 0.0223 0.0287
0.0221 0.0107 5.5462 0.1141 0.5194 0.0954 0.0285
0.0107 0.0221 0.1136 5.5126 0.0954 0.5194 0.0285
0.0243 0.0125 0.6487 0.1176 13.2524 0.2743 0.0550
0.0125 0.0242 0.1176 0.6487 0.2743 13.2282 0.0548


VL1
VL2
VF1
VF2
VR1
VR2
VT

(S3)
which systematically falls under the same considerations discussed in Supplementary
§IV. Under the assumption that the input voltages are pinned to their respective supplies,
we can utilise the fact that the voltage on the floating gate electrodes is determined by
the capacitance matrix. As a first order approximation, we assume fully depleted dots,
which results in the simplification of our virtual gate space to include only user controlled
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input voltages through the transformation:
VL1
VL2
VR1
VR2
VF1
VF2
VT

=

1 0 0 0 0
0 1 0 0 0
0 0 1 0 0
0 0 0 1 0
α(L1,F1) α(L2,F1) α(R1,F1) α(R2,F1) α(T,F1)
α(L1,F2) α(L2,F2) α(R1,F2) α(R2,F2) α(T,F2)
0 0 0 0 1


VL1
VL2
VR1
VR2
VT

(S4)
where α(i,j) = −C(i,j)/C(j,j) is the lever arm between electrodes. Hence, the transforma-
tion into a virtual gate space can be made here also, with the simulations yielding the
control matrix Bsim.2x4 :

∆VL1
∆VL2
∆VR1
∆VR2
∆VT

=

1.4736 0.5051 0.4715 0.5244 −1.2183 −1.3752 −1.2305 −1.3845
0.5006 1.4797 0.5195 0.4780 −1.3628 −1.2328 −1.3429 −1.2761
0.4727 0.5253 1.4723 0.5041 −1.2556 −1.3800 −1.1931 −1.3794
0.5188 0.4769 0.4973 1.4768 −1.3626 −1.2652 −1.3330 −1.2334
−0.2813 −0.2840 −0.2807 −0.2835 0.7187 0.7258 0.7058 0.7280


∆V˜L1
∆V˜L2
∆V˜R1
∆V˜R2
∆V˜FL1
∆V˜FL2
∆V˜FR1
∆V˜FR2

(S5)
It can be seen from this virtual gate space matrix, that the GT top gate plays a pivotal
role in the tunability of the the floating gates, and dots defined beneath with respect to
the surrounding electrodes.
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GL1 GL2 GF1 GF2 GR1 GR2 DL1 DL2 DFL1 DFL2 DFR1 DFR2 DR1 DR2 GT
GL1 41.2290 -9.3119 -9.1290 -1.7619 -0.2990 -0.1293 -5.4703 -0.1128 -0.2142 -0.0397 -0.0091 -0.0044 -0.0101 -0.0051 -5.9410
GL2 -9.3119 41.2090 -1.7555 -9.1326 -0.1293 -0.2984 -0.1130 -5.4561 -0.0394 -0.2155 -0.0044 -0.0091 -0.0051 -0.0100 -5.9375
GF1 -9.1287 -1.7565 59.4500 -14.6840 -9.1218 -1.7546 -0.3854 -0.0700 -3.2852 -0.0683 -3.2999 -0.0677 -0.3858 -0.0701 -6.2480
GF2 -1.7631 -9.1325 -14.6840 59.5040 -1.7647 -9.1233 -0.0700 -0.3860 -0.0678 -3.3152 -0.0679 -3.2827 -0.0701 -0.3854 -6.2619
GR1 -0.2990 -0.1292 -9.1225 -1.7640 41.2300 -9.3188 -0.0101 -0.0051 -0.0091 -0.0044 -0.2138 -0.0393 -5.4641 -0.1132 -5.9429
GR2 -0.1292 -0.2983 -1.7538 -9.1241 -9.3188 41.2090 -0.0051 -0.0101 -0.0044 -0.0091 -0.0394 -0.2140 -0.1129 -5.4524 -5.9429
DL1 -5.4703 -0.1131 -0.3855 -0.0699 -0.0100 -0.0052 6.4449 -0.0073 -0.0384 -0.0033 -0.0006 -0.0003 -0.0006 -0.0003 -0.0550
DL2 -0.1129 -5.4561 -0.0699 -0.3861 -0.0052 -0.0100 -0.0073 6.4318 -0.0033 -0.0387 -0.0003 -0.0006 -0.0003 -0.0006 -0.0550
DFL1 -0.2141 -0.0394 -3.2852 -0.0678 -0.0091 -0.0044 -0.0384 -0.0033 3.8613 -0.0025 -0.0009 -0.0004 -0.0006 -0.0003 -0.0286
DFL2 -0.0396 -0.2154 -0.0683 -3.3152 -0.0045 -0.0092 -0.0033 -0.0388 -0.0025 3.8949 -0.0004 -0.0009 -0.0004 -0.0006 -0.0287
DFR1 -0.0091 -0.0044 -3.3000 -0.0679 -0.2138 -0.0393 -0.0006 -0.0003 -0.0008 -0.0004 3.8752 -0.0025 -0.0384 -0.0033 -0.0285
DFR2 -0.0044 -0.0091 -0.0676 -3.2827 -0.0393 -0.2139 -0.0003 -0.0006 -0.0004 -0.0009 -0.0025 3.8577 -0.0033 -0.0384 -0.0285
DR1 -0.0100 -0.0051 -0.3859 -0.0700 -5.4641 -0.1130 -0.0006 -0.0003 -0.0006 -0.0003 -0.0384 -0.0033 6.4393 -0.0073 -0.0550
DR2 -0.0051 -0.0100 -0.0700 -0.3855 -0.1132 -5.4524 -0.0003 -0.0006 -0.0003 -0.0006 -0.0033 -0.0384 -0.0073 6.4266 -0.0548
GT -5.9392 -5.9364 -6.2505 -6.2646 -5.9416 -5.9421 -0.0549 -0.0549 -0.0286 -0.0288 -0.0285 -0.0285 -0.0549 -0.0548 100.2700
TABLE S2: Maxwell capacitance matrix (in aF) for the 2× 4 array of quantum dots distributed across two parallel
nanowires with interconnecting floating gates and overlying metallic top gate.
VI. FLOATING GATE CAPACITIVE EFFECTS : EXTENDED ANALYSIS
In order to analyse the effect of the floating gate electrode, we take into account
the second order shift in the chemical potential of the sensor dot DL1 of the form
dot → FG → sensor. With respect to the simplified device capacitance network as
shown in Fig. S6, we treat the floating gate in a similar fashion to the quantum dots
from Ref. [2], while maintaining a fixed charge to reflect the electrical isolation of the
gate.
FIG. S6: Simplified capacitive network of the dual-nanowire device illustrating a 1×4
array slice. The influence of the floating gate electrode is captured by the additional
cross-capacitances highlighted.
Following the analysis in Ref. [2], a “first order” sensor voltage shift, which is due to
the addition of an electron and direct dot-dot mutual capacitances is given by:
∆V
(1)
(L1,FL1) =
|e|
C(GL1,L1)
· C(L1,FL1)
CΣFL1
(S6)
∆V
(1)
(L1,FR1) =
|e|
C(GL1,L1)
· C(L1,FR1)
CΣFR1
(S7)
∆V
(1)
(L1,R1) =
|e|
C(GL1,L1)
· C(L1,R1)
CΣR1
(S8)
where the elements can be extracted from the Maxwell capacitance matrix, detailed in
§V, for each data-point in the parametric sweeps described in the main text. From
Fig. S7, it can be seen that this first order effect is highly suppressed where there is a
large separation between the dots, as the direct mutual capacitance between the dots
and the SEB sensor DL1 rolls off with distance with a power law ranging from ∆q ∝ d−2.7
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to d−2.5 (additional decay fits can be seen in Fig. S7). Most of these decays fall close
to the d−3 dependence measured for planar devices in silicon [3, 4], possessing a high
density of metallic electrodes present that can contribute to a screening effect of the
charge. This is contrasted with the face-to-face decay rate of d−2.6, where the majority
of the metal between the two dots has been removed. If we now take the effective shift
in the floating gate into account we arrive at a “second order” approximation to the
sensor voltage shift:
∆V
(2)
(L1,FL1) =
|e|
C(GL1,L1)
[
C(L1,FL1)
CΣFL1
+
C(L1,FG)
CΣFG
· C(FG,FL1)
CΣFL1
]
(S9)
∆V
(2)
(L1,FR1) =
|e|
C(GL1,L1)
[
C(L1,FR1)
CΣFR1
+
C(L1,FG)
CΣFG
· C(FG,FR1)
CΣFR1
]
(S10)
∆V
(2)
(L1,R1) =
|e|
C(GL1,L1)
[
C(L1,R1)
CΣR1
+
C(L1,FG)
CΣFG
· C(FG,R1)
CΣR1
]
(S11)
where the C(L1,FG) term represents the coupling between the sensor and the floating
gate, and C(FG,i)/CΣi represents the charge capacitively induced on the floating gate,
distributed by a factor of 1/CΣFG. It is the total capacitance of the floating gate which is
then subject to geometrical dependencies upon the parameter sweeps. The comparisons
within Fig. S7(a) illustrates that, for sensing dots in the remote nanowire, the second-
order contribution due to the floating gate is dominant, giving rise to the advantage of
the floating gate electrodes for long-range capacitive sensing. While the core aim of this
manuscript is to compare the additional sensitivity to charge movements in remotely
located quantum dots as facilitated by the floating gate, for completeness we note this
second order effect of the floating gate also enhances to sensitivity toDFL1 (located within
the same nanowire as the sensor, but under the floating gate). Such an enhancement
is absent for the equivalent dot in a single-nanowire 2×2 array, where all electrodes are
pinned to a supply voltage, and the trend lines shown in the main text for face-to-face
dots in the same nanowire therefore consider only this first-order effect.
While effects of dot separation on mutual capacitance has been well studied in the
literature [3, 4], we wish to quantify the effects of the specific design parameters of
these nanowire QD devices on the mutual capacitance. As shown in Fig. S7(b) we have
re-scaled the x-axis so that it is with respect to the input design parameters described
in Fig. S4. Here we can see that the trends plateau as each design parameter begins
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FIG. S7: (a) Illustration of the first order and second order solutions to the detected
charge on the sensor, normalised to sensor dot charge, as a function of the dot-dot
separation. (b) Illustrates the decay rate as a function of the design elements within
the device architecture.
to approach the size of the quantum dot, moving to a regime which would be physi-
cally challenging to realise in fabrication. The reduction in sensitivity due to the input
parameter follows a different trend when compared to the dot-dot distance d. The re-
duction in sensitivity due to the face-to-face gap between electrodes Sh is the largest, at
∆q ∝ S−2.22h , reduced to ∆q ∝ S−1.69h when this dot is located beneath a floating gate.
The Sv gap between the two gates along the nanowire gives rise to ∆q ∝ S−1.66v . For the
floating gate, the dimensions of the floating gate contribute to the self-capacitance of
the electrode which, in turn, will contribute to the decay in sensitivity. For the floating
gate geometry in this work, we observe a ∆q ∝ D−0.4, however, this could be subject to
further device optimisation, outside the scope of this work, but discussed in the context
14
of GaAs planar devices in Ref. [5].
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